INTRODUCTION {#s0}
============

Corals are multipartite symbiotic organisms (holobionts) formed by the coral host and a diverse microbiota consisting of endosymbiotic dinoflagellates, endolithic algae, bacteria, archaea, fungi, and viruses ([@B1], [@B2]). The associated microbial community is specific to both the coral species and the microhabitat within the coral host (i.e., surface mucus layer, coral tissue, and coral skeleton); this highly diverse coral microbiome provides important services to the coral holobiont, such as nutrient acquisition and recycling or antimicrobial defense, among many others ([@B3][@B4][@B5]).

Nutrient, especially nitrogen (N), acquisition is of particular importance for corals thriving in oligotrophic reef waters, where N availability often limits primary productivity ([@B6]). Corals have therefore evolved an efficient internal recycling of N between the coral host and its dinoflagellate symbionts ([@B7]). Model calculations suggest that the symbiotic dinoflagellates can acquire up to 80% of their N from the animal host, indicating that recycling of the internal N pool plays a key role in holobiont functioning ([@B8]). Nevertheless, corals also require external N resources to match carbon (C) uptake and sustain net growth, which is gained via heterotrophic consumption of plankton by the coral host ([@B9], [@B10]), via dissolved inorganic N uptake by the dinoflagellates ([@B11]), as well as via the association with dinitrogen (N~2~)-fixing microbes (diazotrophs). A wide variety of diazotrophs has been discovered within the surface mucus layer, or the coral tissue, and skeleton, each harboring a distinct diazotrophic community ([@B12], [@B13]). Studies that used the natural δ^15^N signature of coral tissue demonstrated qualitatively that diazotroph-derived N (DDN) was assimilated by the coral when the δ^15^N signature of the coral was close to the δ^15^N value (0‰) of atmospheric N~2~ ([@B14], [@B15]). Other studies have quantitatively measured the N~2~ fixation activity of coral-associated diazotrophs ([@B15][@B16][@B22]). Most of these studies used the acetylene reduction assay that measures the nitrogenase activity of diazotrophs indirectly ([@B15][@B16][@B19], [@B21]). However, this approach does not provide quantitative insight into the net assimilation of DDN by the coral host or dinoflagellates. Instead, the use of labeled ^15^N~2~ gas measures net N~2~ fixation directly, thus allowing tracing of the fate and assimilation of DDN within the different coral compartments. So far, only two studies have applied the ^15^N~2~ technique to tropical scleractinian coral species ([@B22], [@B23]). The first study, which used the gas bubble method to enrich seawater with ^15^N~2~, found ^15^N enrichment only in the suspended particles of the incubation medium (i.e., particles released by the coral) and not within the coral tissue or dinoflagellates ([@B22]). Heterotrophic diazotrophs were thus mainly active in the coral-surrounding seawater, likely benefiting from the high availability of organic C contained in the mucus and released by corals during incubation ([@B24]). On the contrary, the second study used the ^15^N~2~-enriched seawater addition method and was able to trace DDN assimilation by the dinoflagellates ([@B23]). It also experimentally showed that corals could obtain DDN through the ingestion (heterotrophic feeding) of planktonic diazotrophs. The difference between the two studies might be due to the different methods used (^15^N~2~ gas bubble versus ^15^N~2~-enriched seawater addition), as it was suggested that the gas bubble method could, in some cases, underestimate N~2~ fixation rates ([@B25], [@B26]). In addition, other environmental factors, such as the diazotroph community composition, the corals' metabolic status, or the N availability in the environment, may have also been involved.

The corals' metabolic status (i.e., autotrophic, heterotrophic) is one of the main factors affecting both the rates of mucus release and the rates of organic particle uptake from the surrounding seawater ([@B27]). For example, heterotrophy will be high when the autotrophic C input by the symbiotic dinoflagellates is insufficient (i.e., bleached or deep corals \[[@B28], [@B29]\]). This might subsequently influence the coral's DDN assimilation since heterotrophy is also linked to the predation of diazotroph particles ([@B23]). Both the corals' metabolic status and the overall activity of coral-associated diazotrophs strongly depend on the current environmental conditions ([@B17], [@B19], [@B29], [@B30]), but to the best of our knowledge, no study has directly quantified the assimilation of DDN by corals under different environmental conditions so far. Furthermore, as coral mucus contains a high number of diazotrophs and corals are known to take up diazotrophs from the surrounding seawater ([@B23], [@B31]), the specific role of mucus in providing new bioavailable N to the coral host under different environmental conditions requires further investigation.

Therefore, the present study applied the ^15^N~2~-enriched seawater addition method in a series of incubation experiments with scleractinian corals from the northern Red Sea to better understand the importance of DDN assimilation for the coral holobiont. The aims were (i) to quantify DDN assimilation by corals (i.e., animal tissue and dinoflagellates) with different metabolic statuses, i.e., exposed to different environmental conditions (i.e., shallow, deep, bleached, and phosphate-enriched corals) and (ii) to investigate mucus-associated net N~2~ fixation and its potential contribution to the DDN assimilation by corals.

RESULTS {#s1}
=======

N~2~ fixation by suspended particles. {#s1.1}
-------------------------------------

All ^15^N~2~ incubation experiments resulted in a significant ^15^N excess enrichment of the suspended particles compared to control samples, to which no ^15^N tracer was added ([Table 1](#tab1){ref-type="table"}). N~2~ fixation by suspended particles (ng N liter^−1^ h^−1^, [Fig. 1](#fig1){ref-type="fig"}) was significantly different among the coral, mucus, and unfiltered seawater incubations (permutational multivariate analysis of variance \[PERMANOVA\]: pseudo-*F*^5,27^ = 42.11, Monte Carlo \[MC\] test *P* \< 0.001). The lowest N~2~ fixation rates were observed in the unfiltered seawater control containing the natural community of planktonic diazotrophs (9.80 ± 1.90 ng N liter^−1^ h^−1^). As a reminder, in all of the other incubations, the natural community of planktonic diazotrophs was excluded by seawater filtration before the incubations and only the activity of diazotrophs that were associated with the coral mucus or had been expelled by the coral was measured. In this case, suspended particles released during coral incubations \[except those with *Stylophora pistillata* (deep); 26.29 ± 8.96 ng N liter^−1^ h^−1^; pairwise MC tests, *P* \> 0.05\] and during mucus incubations (deep or shallow) showed significantly enhanced N~2~ fixation rates compared to natural planktonic diazotrophs of the unfiltered seawater control (pairwise MC tests, *P* \< 0.05, [Fig. 1](#fig1){ref-type="fig"}). Highest N~2~ fixation by suspended particles was observed after incubation of *S. pistillata* (bleached) with 324.64 ± 64.55 ng N liter^−1^ h^−1^. The separate comparison of *Alveopora* species (shallow) and *S. pistillata* (shallow) revealed significant differences as well (PERMANOVA: pseudo-*F*^1,8^ = 19.08, *P* \[MC\] = 0.006).

###### 

^15^N excess enrichment of suspended particles, animal tissue, and dinoflagellates exposed to different environmental conditions[^a^](#ngtab1.1){ref-type="table-fn"}

  Incubated sample                 ^15^N excess enrichment (atom% ^15^N~excess~)                                                               
  -------------------------------- ---------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------
  Coral                                                                                                                                        
  * Alveopora* species (shallow)   0.121 ± 0.017[^b^](#nstab1.1){ref-type="table-fn"}   0.0002 ± 0.0002                                        0.0017 ± 0.0002
  * S. pistillata* (shallow)       0.349 ± 0.069[^b^](#nstab1.1){ref-type="table-fn"}   0.0002 ± 0.0001                                        0.0014 ± 0.0002
  * S. pistillata* (72 h)          0.315 ± 0.058[^b^](#nstab1.1){ref-type="table-fn"}   0.0020 ± 0.0001[^b^](#nstab1.1){ref-type="table-fn"}   0.0032 ± 0.0001[^b^](#nstab1.1){ref-type="table-fn"}
  * S. pistillata* (phosphate)     n.s.[^c^](#ngtab1.2){ref-type="table-fn"}            0.0021 ± 0.0001[^b^](#nstab1.1){ref-type="table-fn"}   0.0043 ± 0.0002[^b^](#nstab1.1){ref-type="table-fn"}
  * S. pistillata* (bleached)      0.245 ± 0.105[^b^](#nstab1.1){ref-type="table-fn"}   0.0033 ± 0.0003[^b^](#nstab1.1){ref-type="table-fn"}   0.0059 ± 0.0032[^b^](#nstab1.1){ref-type="table-fn"}
  * S. pistillata* (deep)          0.083 ± 0.034[^b^](#nstab1.1){ref-type="table-fn"}   0.0043 ± 0.0003[^b^](#nstab1.1){ref-type="table-fn"}   0.0069 ± 0.0006[^b^](#nstab1.1){ref-type="table-fn"}
  Mucus                                                                                                                                        
      Mucus (shallow)              0.072 ± 0.008[^b^](#nstab1.1){ref-type="table-fn"}                                                          
      Mucus (deep)                 0.058 ± 0.003[^b^](#nstab1.1){ref-type="table-fn"}                                                          
  Unfiltered seawater              0.127 ± 0.009[^b^](#nstab1.1){ref-type="table-fn"}                                                          

The data are mean ± SE. The ^15^N excess enrichment was calculated from the difference in atom% ^15^N between control samples (not exposed to ^15^N~2~) and samples after ^15^N~2~ exposure.

Significant enrichment (at least three times as great as the standard deviation of control samples).

n.s., not sampled.

![N~2~ fixation by suspended particles (ng N liter^−1^ h^−1^; mean ± SE) after incubation of *Alveopora* species (shallow) and *S. pistillata* (shallow, bleached, and deep) coral colonies (black bars), of coral mucus collected from shallow and deep *S. pistillata* (gray bars), and of unfiltered seawater samples (white bar). Different letters (a to d) above the bars indicate significant differences between the incubations (one-factor PERMANOVA with pairwise MC tests; significance level, *P* \< 0.05). A separate PERMANOVA was conducted to compare N~2~ fixation by suspended particles between *Alveopora* species (shallow) and *S. pistillata* (shallow) incubations.](mbo0021731460001){#fig1}

When N~2~ fixation by suspended particles was normalized to the coral surface area (ng N cm^−2^ h^−1^, [Fig. 2A](#fig2){ref-type="fig"}), it showed significant differences between the *S. pistillata* incubations (PERMANOVA: pseudo-*F*^3,15^ = 63.62, *P* \[MC\] \< 0.001), with the highest rates during the *S. pistillata* (bleached) incubation and the lowest during the *S. pistillata* (deep) incubation. Also the comparison of *Alveopora* species (shallow) and *S. pistillata* (shallow) revealed significant differences (PERMANOVA: pseudo-*F*^1,8^ = 19.08, *P* \[MC\] = 0.003). Overall, both normalizations gave the same trends.

![N~2~ fixation by suspended particles (A), as well as DDN assimilation by animal tissue (B) and dinoflagellates (C) after incubation of *Alveopora* species (shallow) and *S. pistillata* (shallow, 72 h, phosphate, bleached, and deep) coral colonies (ng N cm^−2^ h^−1^; mean ± SE). The suspended particles from the *S. pistillata* (phosphate) incubation were not sampled (n.s.) for analysis. Different letters (a to d) above the bars indicate significant differences between the *S. pistillata* incubations (one-factor PERMANOVAs with pairwise MC tests; significance level, *P* \< 0.05). A separate PERMANOVA was conducted to compare N~2~ fixation by suspended particles between *Alveopora* species (shallow) and *S. pistillata* (shallow) corals (no significant ^15^N excess enrichment, and thus no DDN assimilation, was detected in the animal tissue and dinoflagellates of these corals).](mbo0021731460002){#fig2}

DDN assimilation in coral tissue and dinoflagellates. {#s1.2}
-----------------------------------------------------

The ^15^N excess enrichment of the dinoflagellates always exceeded that of the animal tissue, but in both coral compartments, it was 10- to 100-fold lower than the enrichment of the suspended particles ([Table 1](#tab1){ref-type="table"}). Compared to the coral controls (no ^15^N~2~ exposure), we detected a significant ^15^N excess enrichment of the coral tissue and dinoflagellates in all ^15^N~2~ incubation experiments, except for *Alveopora* species (shallow) and *S. pistillata* (shallow). Although we detected no ^15^N excess enrichment of *S. pistillata* (shallow) after an incubation period of 24 h, the animal tissue and dinoflagellates were significantly enriched after repeated incubation of the corals in ^15^N~2~-enriched seawater over 3 consecutive days \[*S. pistillata* (72 h)\], indicating slow but continuous DDN assimilation by the corals. Taking the N content of the animal tissue and dinoflagellates into account, the net DDN assimilation into the two coral compartments was calculated (ng N cm^−2^ h^−1^). This showed significant differences in DDN assimilation by the corals exposed to different environmental conditions for both the tissue (PERMANOVA: pseudo-*F*^4,18^ = 79.08, *P* \[MC\] \< 0.001, [Fig. 2B](#fig2){ref-type="fig"}) and the dinoflagellates (PERMANOVA: pseudo-*F*^4,20^ = 19.64, *P* \[MC\] \< 0.001, [Fig. 2C](#fig2){ref-type="fig"}). A significant assimilation in the animal tissue and dinoflagellates was detected in all corals except again in *Alveopora* species (shallow) and *S. pistillata* (shallow), which showed no ^15^N excess enrichment. *S. pistillata* incubated for 72 h presented the lowest DDN assimilation, in both the animal tissue and dinoflagellates. Compared to *S. pistillata* (72 h), the assimilation significantly increased in the animal tissue of *S. pistillata* (phosphate), *S. pistillata* (bleached), and *S. pistillata* (deep), as well as in the dinoflagellates of *S. pistillata* (phosphate) and *S. pistillata* (deep). The highest assimilation was detected in the dinoflagellates of *S. pistillata* (deep).

Total net N~2~ fixation. {#s1.3}
------------------------

The total net N~2~ fixation of the coral incubations represents the sum of N~2~ fixation by suspended particles (normalized to the coral surface area; ng N cm^−2^ h^−1^) and the amount of DDN assimilated into the animal tissue and dinoflagellates. It was significantly different between the *S. pistillata* incubations (PERMANOVA: pseudo-*F*^3,15^ = 35.30, *P* \[MC\] \< 0.001), with the lowest rates for the shallow *S. pistillata* corals incubated for either 24 h (5.14 ± 0.38 ng N cm^−2^ h^−1^) or 72 h (5.21 ± 0.08 ng N cm^−2^ h^−1^). Compared to these corals, the total N~2~ fixation was \~3- and \~2-fold higher in bleached *S. pistillata* (15.67 ± 0.38 ng N cm^−2^ h^−1^) and deep *S. pistillata* (10.44 ± 1.26 ng N cm^−2^ h^−1^), respectively. Furthermore, *S. pistillata* (72 h) assimilated only \~25% of the total fixed N into the animal tissue and dinoflagellates, while the assimilation increased to \~35% in *S. pistillata* (bleached) and up to \~90% in *S. pistillata* (deep).

DISCUSSION {#s2}
==========

Using ^15^N~2~ isotopic labeling, this study provides new insights into the assimilation of DDN by tropical corals exposed to different environmental conditions. The results indicate that DDN assimilation strongly varies with the autotrophic/heterotrophic status of the coral holobiont and with the phosphate availability in seawater, revealing an increased assimilation of DDN by corals that rely more on heterotrophy (i.e., bleached and deep corals) or are exposed to increased phosphate levels. Furthermore, we also demonstrate that mucus can be a major source of new N for the coral host (via feeding on diazotrophs contained in the mucus) and for the coral reef community (via the release of mucus, enriched in diazotrophs and fixed N compounds, to the surrounding seawater).

N~2~ fixation by suspended particles. {#s2.1}
-------------------------------------

N~2~ fixation by suspended particles quantified in unfiltered seawater samples (containing the natural planktonic diazotroph community) averages 9.80 ± 1.90 ng N liter^−1^ h^−1^. This rate is higher than those previously measured in other ^15^N~2~-labeling studies (\<1.1 ng N liter^−1^ h^−1^) for seawater of the northern Gulf of Aqaba ([@B32], [@B33]) but is in the range of those measured (10.8 ± 0.6 ng N liter^−1^ h^−1^) in coastal waters of New Caledonia ([@B34]). N~2~ fixation rates vary significantly with the abundance and activity of diazotrophs, themselves depending on environmental factors such as temperature, depth, light, and nutrient and trace metal availability ([@B35]). Here we show that N~2~ fixation rates in coral mucus samples are 12 times as high as those in unfiltered natural seawater (without mucus). This is likely due to a high diazotroph abundance in the mucus, which can be up to 400-fold higher than that in the surrounding seawater ([@B31]). Coral mucus is rich in dissolved organic C and inorganic phosphate, which is required for bacterial growth ([@B36], [@B37]). Once released into seawater, it stimulates the activity of both mucus- and seawater-associated bacteria by providing a suitable energy and nutrient source ([@B37][@B38][@B39]). Thus, the increased N~2~ fixation observed in our mucus incubations could be the result of both the net release of diazotrophs into seawater and the stimulation of their activity. Our results are more pronounced than those of Camps et al. ([@B31]), who found only an insignificant 2-fold increase in N~2~ fixation when coral mucus was added to seawater samples. This may result from more active diazotrophs associated with the coral mucus in the present study. Those authors also measured up to 70-fold lower planktonic N~2~ fixation rates than previous measurements in the same area and season ([@B34]), also indicating that planktonic diazotrophs were less active.

During the coral incubations, suspended particles particularly released by the shallow corals showed up to 2-fold higher N~2~ fixation rates than suspended particles during the mucus-alone incubations (without corals). Corals continuously release approximately half of their photosynthetically acquired C as organic matter into the surrounding seawater ([@B40], [@B41]). This continuous supply of fresh mucus during coral incubations may have further increased the abundance of diazotrophs and stimulated their activity, while the availability of C was likely much reduced during the 24-h incubation with mucus alone. Mucus is indeed rapidly degraded (7 to 10% h^−1^) by bacteria ([@B42]), which, in particular, draw down its content in essential molecules such as phosphate and N ([@B43]). Our results are in agreement with the previous findings of Grover et al. ([@B22]), who also detected significant rates of N~2~ fixation by suspended particles released after the incubation of coral colonies, but the rates were much lower than those in the present study. The discrepancies between the two studies might be explained by the use of the ^15^N~2~ bubble rather than the ^15^N~2~-enriched seawater addition method, but also by seasonal variations (end of summer versus autumn) in diazotroph composition/activity, in the seawater nutrient concentrations, or in the N needs of the coral colonies, respectively. N~2~ fixation stimulated by corals is indeed highly variable on a seasonal scale, with the highest rates measured during the nutrient-depleted warm summer season ([@B18], [@B19]). We found the highest rates of N~2~ fixation by suspended particles after the incubation of *S. pistillata* (bleached). This may result from a higher abundance/activity of mucus-associated diazotrophs and may be linked to an increased release of labile mucus compounds by the coral ([@B44]). Interestingly, N~2~ fixation by suspended particles did not increase when a deep-water coral colony was incubated. Deep corals show reduced photosynthesis rates as a result of decreased light availability ([@B45], [@B46]). This may be accompanied by less C translocation from the symbiotic dinoflagellates to the host and reduced rates of organic matter release, as previously demonstrated in shallow-water corals exposed to reduced light levels ([@B47], [@B48]). Together, these processes may have affected the activity of diazotrophs, leading to decreased N~2~ fixation rates by suspended particles. In addition, deep corals rely more on heterotrophy because of reduced photosynthesis ([@B46]). Increased heterotrophic feeding on organic matter and on diazotrophs in the mucus may all have lowered the amount of fixed N in suspended particles. Also, we detected in deep corals a higher ^15^N enrichment in both the animal tissue and the dinoflagellates compared to shallow corals (see discussion below). This further supports the idea that deep corals may have assimilated more suspended particles (containing diazotrophs and fixed N) from seawater as a result of increased heterotrophic feeding that, in turn, lowered the amount of fixed N in the suspended particles. Overall, it was suggested that mucus-associated diazotrophs, once released into seawater, provide an additional source of N to the pelagic and benthic reef compartments ([@B31]). In addition, our results indicate that this input of N to the coral reef may strongly differ between shallow and deep reef habitats, in relation to the autotrophic or heterotrophic status of corals.

DDN assimilation by shallow-water corals. {#s2.2}
-----------------------------------------

All corals assimilated DDN into the animal tissue and the dinoflagellates, except for *Alveopora* species (shallow) and *S. pistillata* (shallow). This confirms the first observations of Grover et al. ([@B22]) on tropical corals that, under some conditions, corals do not assimilate fixed N, although this additional N source would be particularly beneficial for shallow corals. Shallow corals receive photosynthetically derived C in excess and are thus N rather than C limited. To cope with this N deficiency, shallow corals have an efficient uptake of dissolved inorganic N from seawater that is energetically fueled by high light availability ([@B49]; L. Ezzat and C. Ferrier-Pagès, unpublished data). Although we observed no DDN assimilation by shallow corals after 24 h, *S. pistillata* (72 h) assimilated approximately 30% of the total fixed N into the animal tissue (0.97 ± 0.14 ng N cm^−2^ h^−1^) and dinoflagellates (0.39 ± 0.08 ng N cm^−2^ h^−1^) after an incubation period of 72 h. This suggests that assimilation of DDN by shallow corals is a slow process and that N~2~ fixation is associated with the released coral mucus rather than with the corals, at least in shallow reef environments. A recent study using the ^15^N~2~-enriched seawater addition method on shallow *S. pistillata* corals from New Caledonia detected DDN assimilation exclusively in the dinoflagellates (\~330 ng N cm^−2^ h^−1^) with assimilation rates up to 3 orders of magnitude higher than in the present study ([@B23]). Although both studies used the same incubation technique, different ^15^N~2~ enrichment percentages (10% versus 20%) at the start of incubation and different incubation times (4 h versus 24 h) may have affected both the diazotrophic activity and the transfer of DDN into the different coral compartments. Dinoflagellates assimilate ammonium (the end product of N~2~ fixation) much faster than the coral host ([@B50]). Also, Kopp et al. ([@B51]) observed a time lag of 6 h between N assimilation by the dinoflagellates and subsequent N translocation to the coral host, suggesting that incubation periods of \>4 h are necessary to detect DDN assimilation in the animal tissue. Also, *S. pistillata* from the Red Sea may be associated with a diazotroph community that is different from or less active than that of corals from New Caledonia. Last, N~2~ fixation, as well as the assimilation of dissolved inorganic N from the surrounding seawater, can strongly vary with the current environmental conditions ([@B19], [@B49], [@B52]) and can be a reason for the observed differences. In the following, we provide new insights into DDN assimilation by shallow-water corals exposed to increased phosphate levels in seawater, as well as after bleaching.

(i) Effect of phosphate availability. {#s2.3}
-------------------------------------

Phosphate availability in seawater can positively affect the N~2~ fixation activity of planktonic diazotrophs ([@B53]). The high phosphorus demand for N~2~ fixation can be explained by the high ATP requirements for nitrogenase function, as previously demonstrated on plants ([@B54], [@B55]). This phosphorus constraint can occur either because fixation uniquely requires phosphorus-rich metabolites ([@B56][@B57][@B58]) or because fixation allows fixers to grow and thus creates phosphorus demand ([@B59]). In addition, it was previously shown for *S. pistillata* that ammonium uptake from seawater increases up to 2.5-fold in the presence of 0.5 or 3.0 μM phosphate because one nutrient is limiting the use of the other ([@B52]). Since ammonium is the final product of N~2~ fixation, it may explain the up to 5-fold higher DDN assimilation by the coral holobiont when it is exposed to pulses of 3 μM phosphate. Also, N~2~ fixation can be significantly reduced under low-phosphate conditions ([@B60]), and background phosphate levels in the Gulf of Eilat are very low (\<0.1 μM) throughout the year ([@B32], [@B61]). This low availability of phosphate in seawater may also explain the significant effect we found on N~2~ fixation rates upon exposure to 3 μM phosphate. We cannot calculate the total N~2~ fixation under increased phosphate availability because of the lack of quantification of ^15^N enrichment in the suspended particles released by the coral. However, total N~2~ fixation by *S. pistillata* (phosphate) likely increased since the amount of DDN assimilated in the animal tissue and dinoflagellate compartment of *S. pistillata* (phosphate) already exceeded the total N~2~ fixation by *S. pistillata* (shallow).

(ii) Effect of bleaching. {#s2.4}
-------------------------

In the present study, incubations of bleached coral colonies revealed the highest total N~2~ fixation. The N~2~ fixation by suspended particles in this experiment was twice as high as the N~2~ fixation by suspended particles in the *S. pistillata* (shallow) incubation. Also, the DDN assimilation into tissue and dinoflagellates was greatly increased by *S. pistillata* (bleached) similarly to what was found for *S. pistillata* (phosphate). This enhanced activity of total (net) N~2~ fixation is similar to what was recently found for overall (gross) N~2~ fixation activities in bleached corals with the acetylene reduction assay ([@B30]). An increased seawater temperature also increases the abundance and diversity of coral-associated diazotrophs, shifting toward a more heat-resistant diazotroph community ([@B62]). Also, the bacterial community associated with the mucus undergoes drastic changes when exposed to heat stress ([@B63]). In the present study, ^15^N~2~ incubations with *S. pistillata* (bleached) were conducted after the heat stress period under normal temperature conditions. Thus, increased activity of the nitrogenase enzyme due to higher temperature can be excluded, but the corals most likely experienced a shift in the diazotrophic community that could be one reason for the increased N~2~ fixation rates seen ([@B62]). Furthermore, decreased photosynthesis rates in bleached corals lead to reduced O~2~ levels in the animal tissue and mucus layer. This, in turn, favors the activity of the O~2~-sensitive nitrogenase enzyme and can result in increased N~2~ fixation rates ([@B64]). Decreased photosynthesis reduces not only the O~2~ levels around the corals but also the autotrophic C supply to the host. This makes the coral more dependent on heterotrophic food sources, although the heterotrophic capacity (i.e., grazing) in bleached corals was also found to be impaired. A shift from catching larger high-energy prey items (i.e., nanoflagellates) to smaller low-energy prey (i.e., bacteria and picoflagellates) was observed in bleached *S. pistillata* because of the reduced energy required for catching nonmotile bacteria ([@B65]). Consequently, increased grazing on bacteria from the surrounding water may explain the higher DDN assimilation into the tissue of bleached corals observed here. Moreover, net organic matter fluxes in *S. pistillata* (bleached) changed from net uptake toward net release likely to reduce the effects of photoinhibition or cell membrane disruption ([@B65][@B66][@B67]). Increased release of organic matter can provide additional energy to seawater and mucus-associated diazotrophs, subsequently stimulating their abundance and/or N~2~ fixation activity in the surrounding water. Overall, the results show not only that total N~2~ fixation increases in incubations with bleached versus nonbleached corals but also that bleached corals assimilate more DDN. To what extent this additional N is beneficial for the recovery of the coral host after a bleaching event needs further investigation.

DDN assimilation by deep-water corals. {#s2.5}
--------------------------------------

Overall, the total N~2~ fixation was \~2-fold higher in incubations of *S. pistillata* (deep) than in incubations of *S. pistillata* (shallow or 72 h). One explanation for the increased N~2~ fixation activity with depth may be reduced light availability (350 versus 20 μmol m^−2^ s^−1^) leading to reduced O~2~ production via photosynthesis in corals ([@B46]). On a diurnal scale, coral-associated N~2~ fixation was found to be highest during twilight, when O~2~ production is not too high to inhibit nitrogenase, the enzyme responsible for N~2~ fixation ([@B68], [@B69]), but high enough for corals to deliver photosynthetic energy to the diazotrophs ([@B15]). Thus, the diurnal window with optimal O~2~ levels for N~2~ fixation may be greatly increased with increasing water depth, leading to higher N~2~ fixation rates. Previously, the abundance of scleractinian corals (*Montastraea cavernosa*, Bahamas) associated with diazotrophs was found to correlate positively with increasing water depth ([@B15]). This suggests that the diazotrophic community composition associated with corals may vary with depth and that the assimilation of DDN by corals may increase with depth as well. Also, the natural δ^15^N isotopic signature of scleractinian corals tends to be depleted as depth increases ([@B70], [@B71]). This can result from the assimilation of isotopically depleted DDN or from the uptake of isotopically depleted nitrate derived from atmospheric deposition, as for the Gulf of Aqaba/Eilat ([@B72], [@B73]). Here we show not only that the total N~2~ fixation increased in the incubations with deep versus shallow corals but also that deep corals assimilated 80% (8.65 ng N cm^−2^ h^−1^) of the total fixed N into the animal tissue or dinoflagellates. In contrast, shallow corals assimilated only 0% or 30% (1.36 ng N cm^−2^ h^−1^) of the total fixed N when incubated for 24 or 72 h, respectively. The higher assimilation by deep corals may result from a shift in the heterotrophic status of the coral. Corals in mesophotic reef environments generally rely more on other trophic strategies (i.e., heterotrophy) than their shallow counterparts in order to meet their metabolic demand and to compensate for the reduced photosynthetic C supply from their symbiotic dinoflagellates ([@B45], [@B74]). We found that the DDN assimilation by shallow and deep corals is inversely correlated with the amount of fixed N quantified in suspended particles in the coral incubation. Furthermore, the amount of fixed N in suspended particles was much smaller after the incubation of deep coral colonies than after the incubation alone of mucus extracted from deep coral colonies. This indicates that the high DDN assimilation into the tissue and dinoflagellates of deep corals is derived mainly via increased heterotrophic feeding on suspended particles rich in fixed N and diazotrophs that have been associated with the mucus. Although deep corals are considered to be less N limited by receiving both C and N from heterotrophic sources, they assimilate more DDN than their shallow counterparts. This could be explained by the fact that deep corals are light limited not only for photosynthesis but also for the uptake of dissolved inorganic N ([@B49]; Ezzat and Ferrier-Pagès, unpublished). Therefore, the increased DDN assimilation by deep corals may help to compensate for the reduced inorganic N uptake and may be particularly beneficial during periods when organic particles in seawater are insufficient to fully cover their N demand. The ingestion of planktonic free-living diazotrophs can also provide a substantial amount of N to the coral host, even exceeding the N input from coral-associated diazotrophs ([@B23]). Thus, it will be interesting to also investigate the importance of planktonic free-living diazotrophs for the N budget of mesophotic corals.

Contribution of DDN to the coral N budget. {#s2.6}
------------------------------------------

Tropical corals are generally well adapted to flourish in nutrient-poor waters by efficiently recycling ammonium between the animal host and symbiotic dinoflagellates, by heterotrophic feeding on organic N sources, and by actively scavenging dissolved inorganic N from seawater even at very low dissolved N concentrations. In order to estimate the importance of DDN in relation to other inorganic N sources, we compared the present results with data on rates of inorganic N uptake by corals. The rate of ammonium uptake by *S. pistillata* at nearly natural ambient concentrations (0.2 μM) was ca. 30 ng N cm^−2^ h^−1^, taking into account the animal and dinoflagellate assimilation rates, except for highly fed corals, for which the uptake was lower ([@B49]). In addition, the total rate of nitrate uptake by *S. pistillata* at the same low concentrations was equal to 1.5 ng N cm^−2^ h^−1^ ([@B75]). Overall, dissolved inorganic N contributes for a mean of 30 to 32 ng N cm^−2^ h^−1^, although these rates are an approximation, as they vary with light or temperature levels, as well as with other physicochemical and biological factors. If we assume similar inorganic N uptake rates for all of the corals in the present study, DDN can contribute up to \~1.4 ng N cm^−2^ h^−1^ in shallow corals or ca. 5% of the inorganic N uptake. This contribution increases up to \~6 ng N cm^−2^ h^−1^ in bleached or phosphate-enriched corals and up to \~9.5 ng N cm^−2^ h^−1^ in deep corals, representing ca. 20 and 30% of the inorganic N uptake, respectively. In deep corals, with respect to their reduced inorganic N uptake capacity, this contribution is likely to be higher, underlining the importance of DDN for the N requirements of deep corals in relation to other inorganic N sources. As the ambient inorganic N concentrations on tropical coral reefs are often too low to sustain net growth of the coral holobiont ([@B49]), the association with diazotrophs likely serves as additional adaptation of corals to overcome N limitation in oligotrophic reef environments. In order to calculate the contribution of DDN to cover the N demand of deep and shallow corals, we used gross photosynthesis rates, C/N ratios, and assimilation rates of photosynthetically acquired C from previous studies with *S. pistillata* corals from the Red Sea exposed to high- and low-light conditions ([@B45], [@B48], [@B70]). This shows that DDN contributes only \~1% of the total N demand of shallow corals, while it can increase up to \~15% in deep corals ([Fig. 3](#fig3){ref-type="fig"}). Furthermore, in deep corals, DDN satisfies the N demand of dinoflagellates (\~26%) to a greater extent than the N demand of the animal host (\~9%), likely because of more efficient DDN assimilation by the former. Dinoflagellates can use N~2~ fixation products in the form of ammonium much faster than the coral host, as previously demonstrated for ammonium uptake from seawater ([@B50]). Instead, the coral host assimilates DDN after the synthesis of host macromolecules deriving from prey digestion or after translocation of recycled DDN by dinoflagellates ([@B23]). The higher contribution in deep corals is likely a product of both their higher DDN assimilation and their lower N demand, indicating that deep corals are likely less N limited than shallow corals ([@B76]). Overall, the present study shows that DDN can contribute importantly to the overall N budget of mesophotic corals, but whether this additional N is beneficial for the resistance and recovery of deep corals from environmental disturbances requires further investigation.

![Overview of the percent contribution of DDN assimilation to the N demand (ND) of the animal host (CAND), the dinoflagellates (CDND), and the total symbiotic association (CTND) from shallow and deep *S. pistillata* corals. The ND was calculated from gross photosynthesis (*P*~gross~) measurements ([@B45]), from values of C incorporation into the animal host and the dinoflagellates ([@B48]), and from C/N ratios ([@B70]) of *S. pistillata* corals at 5- and 50-m water depths in the Red Sea.](mbo0021731460003){#fig3}

MATERIALS AND METHODS {#s3}
=====================

Coral collection and experimental setup. {#s3.1}
----------------------------------------

This study was conducted during November 2014 at the Interuniversity Institute for Marine Science (IUI), northern Gulf of Aqaba/Eilat. By using scuba gear, corals with fragment sizes with a 10- to 30-cm^2^ surface area were collected from the reef at both 5-m and 40- to 50-m water depths. While light conditions decreased from 200 to 400 μmol quanta m^−2^ s^−1^ at 5 m to 20 to 40 μmol quanta m^−2^ s^−1^ at 40 to 50 m, the seawater temperature (24.3 ± 0.1°C) and phosphate (338 ± 145 nM) and total dissolved inorganic N (ammonium, nitrite, and nitrate; 507 ± 131 nM) concentrations remained stable throughout the investigated depth range (mean ± standard error \[SE\]). Environmental data were provided by the Israel National Monitoring Program at the Gulf of Eilat (<http://www.iui-eilat.ac.il/Research/NMPMeteoData.aspx>) and represent average values collected during November 2014 at three coastal sampling stations (Taba, Japanese Gardens, Water Control Station) close to our study site.

In total, three different substrates (i.e., unfiltered seawater samples, coral fragments, and coral mucus samples) were collected for the following ^15^N~2~ incubation experiments ([Table 2](#tab2){ref-type="table"}). Unfiltered seawater samples (without corals or mucus) were incubated in order to investigate net rates of N~2~ fixation by the natural planktonic diazotroph community (i.e., particles suspended in seawater). It must be noted that, except in incubations with unfiltered seawater, coral and coral mucus incubations were performed with 0.2-µm-filtered seawater. Therefore, all of the fixed N in the suspended particles of these incubations was derived from coral-associated diazotrophs (probably from bacteria within the mucus layer). For the mucus incubation, six large colonies of *S. pistillata* were collected from 5-m and 40- to 50-m depths, respectively. Mucus samples were extracted by gently spraying 500 ml of 0.2-µm-filtered seawater onto colonies maintained in air. This mucus mixture was subsequently incubated as described below to investigate rates of N~2~ fixation by mucus-associated diazotrophs in the absence of corals (i.e., particles suspended in mucus). Mucus samples collected from shallow and deep corals will be referred to as mucus (shallow) and mucus (deep), respectively.

###### 

Summary of the different ^15^N~2~ incubation experiments conducted with coral fragments, coral mucus, and unfiltered seawater samples to quantify DDN assimilation and/or N~2~ fixation rates by the different incubated substrates

  Incubated substrate                                        Depth (m)   Treatment before ^15^N~2~ incubation   ^15^N~2~ incubation time (h)
  ---------------------------------------------------------- ----------- -------------------------------------- ------------------------------
  Coral fragments[^a^](#ngtab2.1){ref-type="table-fn"}                                                          
      *Alveopora* species (shallow)                          5           None                                   24
      *S. pistillata* (shallow)                              5           None                                   24
      *S. pistillata* (72 h)                                 5           None                                   3 × 24
      *S. pistillata* (phosphate)                            5           3 μM H~2~PO~4~                         24
      *S. pistillata* (bleached)                             5           Thermal-stress-induced bleaching       24
      *S. pistillata* (deep)                                 40--50      None                                   24
  Coral mucus[^b^](#ngtab2.2){ref-type="table-fn"}                                                              
      Mucus (shallow)                                        5           None                                   24
      Mucus (deep)                                           40--50      None                                   24
  Unfiltered seawater[^c^](#ngtab2.3){ref-type="table-fn"}   5           None                                   24

DDN assimilation by animal tissue and dinoflagellates, N2 fixation by mucus and other suspended particles continuously released by corals.

N~2~ fixation by mucus suspended particles.

N~2~ fixation by seawater suspended particles (natural planktonic diazotrophs).

The coral incubations were used to quantify the assimilation of DDN by animal tissue and dinoflagellates and to investigate net rates of N~2~ fixation by suspended particles within the incubation medium in the presence of corals. Compared to the mucus incubation, the suspended particles in this experiment represent mucus and other particles continuously released by the coral. Three different sets of corals were collected ([Table 2](#tab2){ref-type="table"}). (i) The first set represents shallow-water corals that were directly incubated (right after sampling) as described below without further treatment. Fragments of *Alveopora* species (*n* = 4) and *S. pistillata* (*n* = 5) were collected from a 5-m water depth. These fragments will be referred to *Alveopora* species (shallow) and *S. pistillata* (shallow). Additional *S. pistillata* fragments (*n* = 3) from a 5-m depth were incubated for 3 days to determine long-term DDN assimilation. In order not to incubate the corals in the same water for 72 h, the incubation water was renewed every 24 h and filtered for ^15^N analysis, while the coral fragments were only sampled for ^15^N analysis at the end of the 3 days. These fragments will be called *S. pistillata* (72 h). (ii) The second set represents shallow-water corals that were treated as described below prior to the ^15^N~2~ incubation experiments. Fragments of *S. pistillata* collected at a 5-m depth and transferred to six aquaria in outdoor water tables (natural light) with temperature and photosynthetic photon flux density (PFD) sets that corresponded to those found at 5 m. Ambient PFD was obtained by applying layers of black mesh above the tables. The ambient seawater temperature (24 to 25°C) was kept constant by using high rates of seawater renewal in the aquaria. For this set of corals, two treatments were applied in triplicate aquaria (with two fragments per aquarium). Three tanks maintained with a continuous seawater renewal rate of 20% h^−1^ were submitted to a thermal stress in which the temperature was gradually increased to 30°C for a week (1°C/day) with aquarium heaters connected to electronic controllers. After coral fragments visually bleached \[here called *S. pistillata* (bleached)\], the temperature was returned to 25°C within a week for the following incubation experiments. Three other tanks were maintained for 2 days in a closed circuit under elevated phosphate levels achieved by enriching the aquaria with a pulse of 3 µM H~2~PO~4~ twice a day \[here called *S. pistillata* (phosphate)\]. In the latter condition, the seawater was changed every day and the following incubations were conducted in phosphate-enriched seawater. (iii) The last set represents fragments of mesophotic *S. pistillata* (*n* = 5) collected from a 40- to 50-m depth and incubated directly after sampling. These fragments will be called *S. pistillata* (deep).

^15^N~2~ incubation experiments. {#s3.2}
--------------------------------

We used the ^15^N~2~-enriched seawater addition method and produced ^15^N~2~-enriched seawater prior to the incubation experiment by injection of 10 ml of ^15^N~2~ gas (98% Eurisotop) into degassed, 0.2-μm-filtered seawater, followed by vigorous shaking for at least 12 h. This procedure theoretically ensures 90 to 100% ^15^N~2~ equilibration ([@B26]). Afterward, each coral fragment was individually placed into a 500-ml gas-tight glass bottle completely filled with 450 ml of seawater (0.2 μm filtered) and 50 ml of ^15^N~2~-enriched seawater. Additional 500-ml bottles containing either 450 ml of the mucus mixture or 450 ml of the unfiltered seawater were incubated similarly after adding 50 ml of ^15^N~2~-enriched seawater. On the basis of the volume of the incubation bottle and the quantity of ^15^N~2~-enriched seawater added, this resulted in a theoretical enrichment of \~9.8 atom% ^15^N in the incubation medium of all bottles, similar to previous ^15^N~2~ studies of corals and sponges ([@B22], [@B31], [@B77], [@B78]). The addition of ^15^N~2~-enriched seawater can potentially contaminate the sample with trace metals that can affect N~2~ fixation rates, particularly in areas were trace metals are limiting ([@B79]). As the Gulf of Aqaba/Eilat is known to receive relatively large amounts of trace metals compared to other areas ([@B80]), a potential effect of contamination was considered to be insignificant. All bottles were closed gastight and incubated for 24 h \[except for *Stylophora* (72 h)\]. Additional coral, mucus mixture, and unfiltered seawater incubations without ^15^N~2~ addition served as control samples (^15^N background). During the incubations, bottles were continuously shaken in water baths equipped with agitator plates. Water baths were maintained under the right light and temperature conditions as described above by applying the same filters to shade the solar irradiance to the desired level and using temperature controllers.

At the end of the incubation, coral fragments were collected from the chambers, rinsed with filtered seawater to remove their mucus, and stored frozen until ^15^N analysis of the animal tissue and dinoflagellate fractions. The water of all incubations (coral, mucus, and unfiltered seawater) was filtered onto precombusted (400°C, 4 to 5 h) GF/F filters, and filters were also stored frozen until ^15^N analysis of suspended particles from the incubation water.

Sample analysis. {#s3.3}
----------------

The coral tissue was completely removed from the skeleton with an air brush and homogenized with a potter tissue grinder. Homogenates were then separated in several centrifugation steps into the animal and algal fractions according to reference [@B49], and each fraction was subsequently freeze-dried. All GF/F filters were dried in an oven (60°C, 48 h) prior to ^15^N analysis of the suspended particles. Finally, the organic N content together with its ^15^N enrichment in the animal tissue, dinoflagellates, and suspended particles was quantified with a mass spectrometer (Delta Plus; Thermo Fisher Scientific, Germany) coupled via a type III interface to a C/N analyzer (Flash EA; Thermo Fisher Scientific). The standard deviation obtained from repeated measurements of control samples was better than 0.5 µg for PN in the range used (5 to 50 µg N) and was \<0.0001 atom% for ^15^N enrichment. The ^15^N excess enrichment for each sample was calculated with the formula atom% ^15^N~excess~ = (atom% ^15^N~sample~− atom% ^15^N~contro*l*~), where atom% ^15^N~sample~ is the ^15^N enrichment of samples after exposure to ^15^N~2~-enriched seawater and atom% ^15^N~control~ is the natural ^15^N enrichment of control samples without ^15^N~2~ exposure. The atom% ^15^N~excess~ was considered significant when it was at least three times as high as the standard deviation of the atom% ^15^N~control~ obtained. We assumed that the ^15^N enrichment of the animal tissue and dinoflagellates results entirely from the net assimilation of fixed N by the coral (i.e., DDN assimilation). Finally, the net N~2~ fixation by suspended particles and the DDN assimilation into the different coral compartments were calculated according to reference [@B81] by the equation net N~2~ fixation or DDN assimilation = (atom% ^15^N~excess~*/*\[*t* × 9.8\]) × (μg PN~sample~/cm^2^ or liter), where *t* is the incubation time, 9.8 is the ^15^N enrichment of the incubation water at the beginning (atom% ^15^N), and PN~sample~/cm^2^ or liter is the particulate N content of the sample at the end of the incubation normalized either per cm^2^ of coral skeletal surface area or per liter of incubation water. The skeletal surface area of the coral colonies was determined by the wax technique ([@B82]).

Statistical analyses. {#s3.4}
---------------------

Statistical analyses were carried out with Primer-E version 6 software ([@B83]) with the PERMANOVA+ add-on ([@B84]). To look for differences in N~2~ fixation and DDN assimilation by *S. pistillata* corals exposed to different environmental conditions, one-factor PERMANOVAs based on Euclidian distance were conducted for the individual compartments (suspended particles, animal tissue, and dinoflagellates), as well as for the sum of all three compartments (total N~2~ fixation). An additional one-factor PERMANOVA was conducted to investigate differences in rates of N~2~ fixation by suspended particles after incubation of *Alveopora* species (shallow) and *S. pistillata* (shallow) corals. Type III (partial) sum of squares was used with permutation of residuals under a reduced model (999 permutations). The significance for the main test, as well for the pairwise comparisons, was based on MC tests because of the low number of unique permutations.
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